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Introduction
Optical coherence tomography (OCT) provides high resolution images of tissue structure. 1 The most common clinical application of OCT is in the eye, and OCT is particularly effective at imaging retinal disease including age-related macular degeneration (AMD), diabetic retinopathy (DR), and glaucoma. [2] [3] [4] [5] Additionally, in research settings, OCT has been used to image a wide variety of other tissues, including a number of tumor types, the skin, and skin malignancies. OCT endoscopy has been used to image atherosclerotic plaques and polypoid lesions in the colon. 6 The major advantage of OCT over other clinically relevant imaging modalities, like fluorescence imaging, is that it is inherently three-dimensional. Clinicians can therefore apply its micron-scale resolving power to easily image structural changes that have a significant component of growth perpen-dicular to the layers of the retina. These directions of growth are particularly pertinent for retinal vascular disease.
Despite the clinical utility and broad research applicability of OCT, currently it can only be used to gather information relevant to pathologies that have progressed to a point where they cause detectable morphological changes in tissue. This is particularly pertinent in retinal imaging where loss of visual acuity can occur prior to, or concurrent with, detectable changes in tissue reflectivity or morphology. [7] [8] [9] This difficulty in achieving early detection of incipient retinal vascular disease is a major clinical problem because it narrows the window of time during which retinal disease can be detected and therefore treated without some degree of vision loss. Since retinal disease can cause changes at a cellular level prior to causing clinically detectable pathology, detection of these changes is one of the major goals of molecular imaging using OCT.
Research in OCT aims to achieve this goal by combining the native capabilities of OCT with additional technologies that can allow researchers to collect more information about molecular expression in relevant tissue without sacrificing the high resolution consistent with OCT imaging. 10 The difficulty with detecting molecular changes using OCT is that such changes are not generally detectable using simple measures of tissue reflectivity, particularly in the relatively heterogeneous tissue of the retina. So, researchers have used adjuncts to OCT that can target these changes while being compatible with OCT systems. This has led to a variety of exogenous imaging adjuvants that can be observed using modified OCT systems. Approaches have been varied, including the use of ferromagnetic particles with magnetomotive OCT, dyes with pump-probe OCT, and gold nanoparticles with spectral fractionation, hyperspectral, diffusion-sensitive, and photothermal OCT (PTOCT) among others. [11] [12] [13] [14] [15] [16] [17] [18] Despite this considerable research effort, to date none of these OCT-based technologies have been used to achieve molecular imaging in the heterogeneous tissue of the retina in vivo, which has limited their clinical potential.
Gold nanoparticles remain an excellent candidate for clinical translation because they are versatile, tunable optical absorbers, and these properties are important for exogenous contrast agents used in OCT imaging. 19 Here we use molecularly targeted gold nanorods (GNR) in conjunction with PTOCT to generate contrast in the mouse retina. PTOCT operates by heating a contrast agent using an amplitude-modulated monochromatic laser. This localized heating changes the optical path length of light passing through tissue surrounding the contrast agent which is then detected in the OCT phase signal. 15 GNR are used as a contrast agent for PTOCT because they have a high absorption coefficient at the wavelength used for heating by the PTOCT system. 20, 21 Additionally, GNR can be readily functionalized with specific antibodies that cause them to bind to specific antigens expressed on targeted cells. [22] [23] [24] [25] It has been demonstrated that appropriately tuned GNR can be detected using PTOCT in tissue in situ as well as in vivo. [26] [27] [28] The combined use of GNR and PTOCT potentially allows for the imaging of molecular expression at a cellular level.
To generate an appropriate target for molecular imaging in vivo, we use the laser-induced choroidal neovascularization (LCNV) model in the mouse, which is a model commonly used to study neovascular or ''wet'' AMD. [29] [30] [31] An ultraviolet-range laser is targeted to the retinal pigmented epithelium (RPE) layer of the outer retina and, when fired, the light energy is absorbed by the pigment in this layer and released as heat, which rapidly degrades the integrity of the RPE and Bruch's membrane, creating a breach in these tissues. Collocational with this injury, there is the proliferation of endothelial cells derived from the choroidal vasculature and this growth invades the subretinal space. 32, 33 RPE cells are concentrated at the borders of the injury at this time. The lesion caused by laser damage peaks in size 7 days after laser injury, with the presence of newly formed vessels extending into the subretinal space along with a high concentration of RPE cells. After day 7, the lesion size plateaus and then begins to spontaneously resolve, though the lesion can persist for more than 4 weeks. 34 This lesion is localized to the area surrounding the laser injury, and can be imaged using OCT. 35 Previously published studies suggest that the vast majority of lesions of anatomical damage formed in the LCNV model contain choroidal neovascularization. 36 Several antibody-targetable surface ligands are upregulated in these lesions, the most important for this study being CD102/ICAM2, which is a constitutively expressed on vascular endothelial cells. [37] [38] [39] [40] [41] [42] [43] In our previous publication, we demonstrate the ability of PTOCT to image untargeted, passively accumulated GNR as exogenous contrast in vivo. 16 In this paper, we assess the utility of PTOCT imaging of molecularly targeted GNR to achieve high-resolution in vivo imaging of tissue protein expression in the mouse retina. To accomplish this, we intravenously deliver ICAM2-targeted GNR to mice treated with LCNV, using untargeted GNR or phosphate-buffered saline (PBS) used as controls. We then image the anatomic lesion caused by laser damage using a custom PTOCT system and compare the lesionassociated photothermal signal in mice injected with targeted GNR versus our two controls to assess for successful imaging of molecularly targeted GNR in vivo. Additionally, to test the ability of our imaging technologies to achieve clinically relevant molecular imaging, we report results from an experiment in which ICAM2-targeted GNR are intravenously injected in LCNV mice with the additional intravitreal injection of a neutralizing anti-vascular endothelial growth factor (anti-VEGF) antibody, using intravitreal PBS injections as a control. As VEGF signaling is an important driver of neovascularization in LCNV lesions, anti-VEGF treatment is expected to reduce the proliferation of vascular endothelial cells in these lesions and, consequently, overall lesion volume, thereby causing reduced lesion-associated signal from ICAM2-targeted GNR. [44] [45] [46] This experiment allows us to investigate the utility of our imaging technology to detect physiological changes in vivo. To the best of our knowledge both the in vivo detection of molecularly targeted GNR in the retina and the use of GNR to report on changes in retinal lesions in vivo are novel applications of OCT-based imaging technology.
Methods

GNR Functionalization
All GNR referenced in this paper have a peak absorption of 750 nm, with dimensions of 10 nm by 35 nm. They are commercially available with a covalently attached carboxyl moiety (C12-10/750-TC-50; Nanopartz, Loveland, CO). We functionalized these GNR with one of two different antibodies to create the targeted and untargeted GNR employed in this study. The first antibody was a rat IgG with no known reactivity to murine antigens (Thermo Fisher Scientific, Waltham, MA); this was our ''untargeted'' control antibody. The second antibody was a rat anti-ICAM2 antibody (Thermo Fisher Scientific), which was our ''targeted'' antibody. Surface functionalization of these GNR with the appropriate antibodies (untargeted or anti-ICAM2) was achieved in a directed fashion. We performed an ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Thermo Fisher Scientific) crosslinking reaction with the addition of N-hydroxysulfosuccinimide (sulfo-NHS) (Thermo Fisher Scientific) to the reaction mixture to improve our reaction yield. 10 12 GNR were mixed with EDC and sulfo-NHS at 10-fold and 25-fold molar concentrations relative to surface carboxyl groups in 1 mL deionized water. This mixture was allowed to react for 2 hours at room temperature with a magnetic stirring rod used to facilitate continuous mixing before purification of the GNR via centrifugation at 18,000g for 45 minutes followed by resuspension in deionized water. The appropriate untargeted or anti-ICAM2 antibody was then added to the resuspended GNR at a 50-fold molar concentration relative to surface carboxyl moieties on the GNR. This mixture was allowed to react for 2 hours at room temperature with a magnetic stirring rod to facilitate mixing. The final GNR product was purified via three rounds of centrifugation at 18,000g for 45 minutes and resuspension in 1 mL isotonic PBS. A transmission electron microscope (TEM) was used to image GNR after functionalization to ensure that they maintained the appropriate morphology during the process (Fig. 1a) .
Drug Delivery, Lasering, and Imaging
Male C57BL/6 mice aged 8 to 10 weeks were used in all in vivo imaging experiments. For all imaging procedures, animals were anesthetized using continuous isoflurane administration (2%-5%) in air in a box or via nose cone. For procedures involving laser photocoagulation or drug delivery via any route, anesthesia was accomplished using the intraperitoneal injection of 3.7 mL/kg body weight of a cocktail containing 13.2 mg/mL ketamine and 1.5 mg/mL xylazine in sterile water. Mice were allowed to recover following anesthesia on heating blankets. Animal treatments followed all requirements of the Vanderbilt University Institutional Animal Care and Use Committee and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
In our experiments, two routes of drug delivery were used. The first route, used to deliver GNR and appropriate controls systemically, was a tail-vein injection. For these injections, 100 lL of a GNR solution or PBS was administered. Intravenous injections were performed 8 hours prior to imaging. In this study, one randomly selected lesion from 21 mice was assessed in our control cohort. Both GNRinjected cohorts involved the study of one lesion from 14 mice. Intravitreal injections were performed via injection through the cornea of 2 lL anti-VEGF antibody (AF-493-NA; R&D Systems; Minneapolis, MN) solution in one eye of a given mouse, with a matched volume of PBS injected in the contralateral eye as a control. These intravitreal injections were performed immediately following laser photocoagulation. Single lesions from seven paired mouse eyes were assessed in this part of the study.
The laser photocoagulation required for the LCNV model was performed with a laser system (Carl Zeiss Meditec, Jena, Germany) utilizing a laser (Coherent, Santa Clara, CA) operating at 532 nm and 120 mW pulsed for 0.1 seconds. Ocular manipulation and fundus visualization were aided by the use of a microscope slide cover slip and a 2.5% hydroxypropyl methylcellulose solution. The spot size on the retina was 100 microns, and for each eye we attempted to generate four laser injuries centered equidistant from the optic nerve head with a space of approximately two optic disc diameters between the site of laser injury and the optic nerve head. In aiming the laser, we sought to avoid hitting major blood vessels. This approach consistently produced visible vapor bubbles following laser firing, an indication that Bruch's membrane was being ruptured. All in vivo imaging was performed 5 days following laser photocoagulation. Representative day 5 LCNV lesions imaged using the Micron IV imaging system (Phoenix Research Labs, Pleasanton, CA) in vivo via brightlight fundoscopy and our modified spectral-domain OCT system (Leica Microsystems, Inc., Buffalo Grove, IL) can be seen in Figures 1b and 1c .
We imaged day 5 LCNV lesions because, while vascular endothelial cells are present in the lesions by this point, 35 the RPE is still disrupted, as shown in Figure 1d . We felt this time point presented the best opportunity to capture GNR-generated photothermal signal while excluding the photothermal signal generated by RPE-associated melanin, a signal that we expected to be present based on results from our previously published studies. 16 
Instrumentation, Signal Analysis, and Image Correction
For a more thorough explanation of the PTOCT instrumentation, image collection protocols, and image corrections algorithms, please see our previously published work. 16 Briefly, a spectral-domain OCT system (Leica Microsystems, Inc.) was modified to allow for PTOCT imaging. The OCT system's broadband light source was centered at 860 nm (40 nm bandwidth), while the additional laser used for photothermal imaging was centered at 750 nm with a power of 8 mW and amplitude-modulated by an acousto-optics modulator (Brimrose, Sparks, MD) at f 0 ¼ 500 Hz (50% duty-cycle, square wave). Scan patterns were 700 repeated A-scans (M-scans) at each sample location, and 400 A-scans/B-scans. Collected data were processed using custom MAT-LAB code. 27 The data were first resampled from wavelength to wavenumber, dispersion compensated, and background subtracted. A Chirp Z transform was used to obtain the OCT magnitude and phase signal as a function of depth. The temporal derivative of the phase signal was then taken over time. A Fourier transform of the phase signal was performed to go from the time domain to the frequency domain. The amplitude of the peak at f 0 ¼ 500 Hz minus the average amplitude of the signal at surrounding frequencies was taken as the PTOCT signal. The PTOCT signal is expressed as the change in the optical path length in the tissue due to the photothermal excitation in units of nanometers. Images were corrected for breathing artifacts associated with retinal imaging in live animals following an algorithm described in Guizar-Sicairos et al. 16, 47 Once processed, data analysis was performed by hand-selecting the lesion of anatomic laser damage on individual B-scans that have been imaged in a given retina and calculating both the lesion volume and the lesion-associated PTOCT signal inside the selected volume by collating available B-scan measurements into volumes. Lesions were excluded from measurement if there were gross morphological anomalies on OCT, most commonly retinal detachment, and individual B-scans were excluded if the image quality was degraded to a point where photothermal signal measurement was infeasible. These volume measurements were then used to compute a photothermal signal density, defined as the PT signal divided by lesion volume. Selections were made to include the lesions but exclude the adjacent RPE layer, since the RPE layer contains melanin, which also produces a photothermal signal. Selections were made based on the OCT image while blinded to the PTOCT signal present in the lesion. Additional nonphotothermal OCT scans of lesions were used to estimate the extent of anatomic laser damage by measuring the size of the lesion on the Bscan with the maximum area of anatomic laser damage for a given set of scans, which is the lesion diameter.
Significance Tests
Significance testing was performed following consultation with the Vanderbilt University Center for Quantitative Sciences. For the three-armed control/untargeted/targeted GNR experiment, since some mice have both eyes imaged while some have only one eye imaged, a cluster analysis was performed to determine the statistical significance of differences in the means of our three cohorts. A Tukey analysis was performed following estimations of statistical fixed effects between the three cohorts using a linear mixed effect model. For the second set of experiments involving anti-VEGF injection in one eye and PBS injection in the other eye of the same mouse, given the paired nature of the experimental design and directional nature of the expected results, a 1-tailed Wilcoxon signed-rank analysis was used to test for significance of differences in lesion-associated photothermal signal, as well as in lesion size. In all cases a P-value 0.05 was considered significant.
Results
In Vivo Retinal PTOCT Imaging of Targeted and Untargeted GNR C57BL/6 mice were treated in the LCNV model. Five days following lasering, the mice were intravenously injected with PBS, untargeted GNR, or ICAM2-targeted GNR via a tail vein injection. The injected GNR were allowed to circulate for 8 hours prior to imaging. We assessed these cohorts for lesionassociated photothermal signal. Our previous work shows that both RPE-associated melanin and the targeting-independent accumulation of GNR both generate some photothermal signal. 16 In the cohort injected with ICAM2-targeted GNR, we assessed for the presence of an additional targeting-dependent photothermal signal.
The graph in Figure 2a reports measurements of the photothermal signal density in lesions of anatomic laser damage imaged by our PTOCT system in all three experimental arms. In lesions of mice injected with PBS, there was an average photothermal density of 2.82 nm/pixel (61.20 nm/pixel standard deviation, n ¼ 21), which we will take as a baseline measurement. The photothermal signal was 1.49 times stronger than at baseline in mice injected with untargeted GNR (4.20 6 1.74 nm/pixel, n ¼ 14), and the signal was further increased to 1.73 times baseline in lesions of mice injected with ICAM2-targeted GNR (4.89 6 1.60 nm/pixel, n ¼ 14). There is a statistically significant difference in reported lesion-associated photothermal density between the untargeted GNR and PBS cohorts, as well as between the targeted GNR and PBS cohorts. The difference between the untargeted and targeted GNR cohorts is not statistically significant, although there is a trend toward more signal in the targeted cohort, consistent with a molecular targeting effect. Representative OCT Bscans from each experimental group with overlaid photothermal signal (in gold) are shown in Figures 2b to 2d.
Alterations in Targeted GNR Accumulation Following Pharmaceutical Intervention
One of the goals of molecular imaging is to detect disease-associated changes that might indicate disease progression or response to therapy. To further assess the efficacy of this technology to achieve clinically relevant molecular imaging, we modified our experimental protocol to include the intravitreal injection of an anti-mouse-VEGF neutralizing antibody that should downregulate choroidal angiogenesis and thus the expression of ICAM2 in LCNV lesions while also reducing targeting-independent GNR accumulation. All mice in this experiment were treated in the LCNV model. Immediately following lasering, the mice were intravitreally injected with anti-VEGF antibody in one eye, and PBS in the other. Five days following lasering, they were intravenously injected with ICAM2-targeted GNR. PTOCT imaging was performed following 8 hours of GNR accumulation. Measurement of PTOCT signal density proceeded as in our previous experiment.
Confirmation of the effect of the anti-VEGF injections on the extent of anatomic laser damage is shown in Figure 3 . The lesion diameters as measured using standard OCT B-scans are reported for the seven pairs of eyes used in this portion of the study. As shown in Figure 3a , in all cases the eye injected with anti-VEGF has a reduced lesion diameter, which is a statistically significant decrease. The mean of the measurements in the PBS-injected cohort is 7332 pixels (61862 pixels standard deviation, n ¼ 7), while for the anti-VEGF-injected cohort the mean is 5209 pixels (61493 pixels, n ¼ 7). This finding provides strong evidence that the anti-VEGF injections had an effect consistent with disruption of the VEGF signaling pathway in the LCNV model, which includes decreasing lesion volume, reduced endothelial cell concentration, and inhibition of vascular leakiness. 44, 45, [48] [49] [50] Figures 3b and 3c show representative OCT B-scans of lesions from both cohorts.
The results of PTOCT signal density measurements are shown in Figure 4 . Intravitreal injection of anti-VEGF antibody caused a detectable reduction of photothermal signal density in mouse lesions of anatomic laser damage. Because each mouse had one eye injected intravitreally with PBS and one eye injected with anti-VEGF, a paired analysis was performed. Figure 4a shows that of the seven pairs of eyes measured, there was reduced PTOCT signal density associated with anti-VEGF injections in six pairs. There is a statistically significant difference between the two experimental arms that demonstrates the detection of nonstructural, anti-VEGF-induced changes in the microenvironment in the lesions in vivo using PTOCT imaging of targeted GNR. The mean of the photothermal signal measurements in the PBSinjected cohort is 3.91 nm/pixel (60.92 nm/pixel standard deviation, n ¼ 7), while for the anti-VEGFinjected cohort the mean is 2.85 nm/pixel (61.02 nm/ pixel, n ¼ 7). Figure 4b shows a representative OCT bscan with lesion-associated PTOCT signal overlay from an anti-VEGF-injected eye, while Figure 4c shows the control eye of the same mouse.
Discussion
OCT is a powerful and widely used ocular imaging modality in both clinical and research settings. Our combination of PTOCT and GNR technologies is an attempt to enhance the images acquired via this modality by detecting clinically relevant information about the tissue microenvironment in vivo. Our current studies expand on our previous work, which demonstrated the ability of PTOCT to image endogenous melanin and untargeted GNR in the eye by introducing the imaging of ICAM2-targeted GNR, as well as assessing the utility of imaging these targeted GNR to detect pharmacologically induced changes in lesion-associated photothermal signal. 16 We performed PTOCT imaging on mice injected intravenously with PBS, untargeted GNR, or targeted GNR. We were able to detect the accumulation of both untargeted and ICAM2-targeted GNR in lesions of anatomic laser damage at concentrations significantly different from retinal background. While there is no significant difference between the lesionassociated PT signals from the untargeted versus targeted GNR, there is a trend toward a stronger signal from the targeted group that is consistent with a targeting effect, although further study will be required to confirm this. Given the large standard deviations of the reported measurements in the experimental arms, it is likely that larger sample sizes will be required in future studies. These large standard deviations are likely due to the inherent variability of lesion composition and morphology in the LCNV model.
Our data also suggest that at least a considerable proportion of the observed targeted GNR accumulation occurred due to a targeting-independent mechanism similar to what was observed in our untargeted GNR cohort. Some of this targeting-independent accumulation is likely due to our choice of an 8-hour imaging time point, which is the only time point we have studied thus far. The precise mechanism of this accumulation has not been illuminated for nanoparticles of this size, particularly as it relates PTOCT studies where the nanoparticles must be relatively immobilized to generate a detectable signal. 51 However, these results are consistent with untargeted GNR accumulation shown in our previous study. 16 It has been shown using fluorescein angiography that rodent lesions are at their leakiest 4 to 7 days after lasering. 52 Our studies were all conducted 5 days after lasering. Studies of the altered hemodynamics of rodent LCNV demonstrate that at least by 14 days after lasering there is blood flow through the neovasculature of the lesion, although it is sluggish. 53 There is some evidence that nanoparticles greater than 5 nm in diameter can leak into extravascular space in primate lesions at this time point. 54 Examining this evidence, it is likely that the large target-independent accumulation of GNR in rodent lesions of anatomic laser damage demonstrated in this study are the result of an enhanced permeability and retention (EPR) effect secondary to hemostasis and vascular leakiness, and this effect is likely dependent on the imaging time point.
Additionally, we tested the utility of PTOCT imaging of ICAM2-targeted GNR for detecting changes associated with intravitreal anti-VEGF injections. These injections mimic a clinical intervention common in the treatment of certain retinal vascular diseases, including ''wet'' AMD, for which LCNV serves as an experimental model. The efficacy of the anti-VEGF injections used in this study was demonstrated by the change in lesion diameter in anti-VEGF versus PBS-injected cohorts. So, this study assessed the ability of PTOCT imaging of ICAM2-targeted GNR to track clinically relevant changes in the severity of retinal vascular disease. However, the changes in PTOCT signal are likely due to passive GNR accumulation, rather than ICAM2 expression. In a clinical setting these changes could be associated with disease progression or with effective treatment. Our results show that PTOCT can detect anti-VEGF induced lesion changes, which indicates that this method may have translational utility for retinal imaging.
The most difficult challenge associated with PTOCT imaging of the retina is the strong PT signal generated by the RPE, which risks overwhelming the signal generated by GNR as well as any targeting effect on GNR delivery. We minimize this problem in our study by only measuring PT signal in the lesions of anatomic laser damage themselves. However, moving forward we will begin to address this limitation with technological changes to GNR targeting and PTOCT imaging. Moving our imaging window further into the near-infrared region would theoretically reduce the amount of light absorbed by melanin in the RPE, which would reduce its PT signal. Higher laser chopping speeds would reduce heat dispersion and along with improvements to the axial resolution of our imaging system could allow for more precise localization of PT signals. Faster imaging times will allow for the imaging of multiple lesions per mouse eye, greatly increasing achievable study power. Different biomarker selections and imaging time points will allow us to optimize our studies for the detection of targeted versus untargeted GNR. PTOCT imaging of GNR in the retina in vivo could allow for faster testing and validation of these novel GNR constructs, helping move GNR technology toward clinical translation. Improved image processing algorithms will directly enhance our ability to separate endogenous from exogenous photothermal signal. Future iterations of these improvements could converge to allow for the generation of images containing information about absorption of multiple wavelengths of light in relevant tissue, which could differentiate PT signal of the RPE from that of exogenous GNR without the need for processing algorithms or lesion selections.
Conclusion
Our results indicate that PTOCT of GNR is a promising approach for ocular imaging of treatment response. Our unique approach allowed us to maintain the high-resolution structural retinal imaging characteristic of an OCT system while collecting additional information about the retinal tissue microenvironment. We detected clinically relevant reductions in ICAM2-targeted GNR accumulation in the retina following anti-VEGF injection, thus providing feasibility for future studies of molecular expression associated with retinal disease progression. This molecular information could allow for earlier therapeutic intervention in relevant patient populations, leading to improved patient outcomes in those suffering from sight threatening diseases.
